Binding of renin and prorenin to the (pro)renin receptor (PRR) increases their enzymatic activity and upregulates the expression of pro-fibrotic genes in vitro. Expression of PRR is increased in the heart and kidney of hypertensive and diabetic animals, but its causative role in organ damage is still unclear. To determine whether increased expression of PRR is sufficient to induce cardiac or renal injury, we generated a mouse that constitutively overexpresses PRR by knocking-in the Atp6ap2/PRR gene in the hprt locus under the control of a CMV immediate early enhancer/chicken betaactin promoter. Mice were backcrossed in the C57Bl/6 and FVB/N strain and studied at the age of 12 months. In spite of a 25-to 80-fold renal and up to 400-fold cardiac increase in Atp6ap2/PRR expression, we found no differences in systolic blood pressure or albuminuria between wild-type and PRR overexpressing littermates. Histological examination did not show any renal or cardiac fibrosis in mutant mice. This was supported by real-time PCR analysis of inflammatory markers as well as of pro-fibrotic genes in the kidney and collagen in cardiac tissue. To determine whether the concomitant increase of renin would trigger fibrosis, we treated PRR overexpressing mice with the angiotensin receptor-1 blocker losartan over a period of 6 weeks. Renin expression increased eightfold in the kidney but no renal injury could be detected. In conclusion, our results suggest no major role for PRR in organ damage per se or related to its function as a receptor of renin.
The binding of renin and prorenin to the (pro)renin receptor (PRR) increases the catalytic activity of renin and activates prorenin non-proteolytically by unfolding the pro-segment and unmasking the active site. Binding of renin and prorenin to PRR also induces the phosphorylation of mitogen-activated protein kinase p42/p44 leading to upregulation of profibrotic genes in vitro. 1, 2 The discovery of PRR provided a long-sought function for prorenin and a potential role of renin and prorenin in organ damage independent of angiotensin (Ang) II. But unlike other components of the renin angiotensin system (RAS), total knockout of PRR gene, known as Atp6ap2, is impossible. The recent generation of Atp6ap2/PRR-floxed mice raised the hope that the cardiovascular and renal functions of PRR could finally be clarified by performing tissue-specific deletion of Atp6ap2 in established models of disease. Unexpectedly, constitutive Atp6ap2 knockout in cardiomyocytes provoked severe heart failure, and knockout in podocytes provoked massive nephrotic syndrome, both resulting in early postnatal mortality. Mutant mice had profound organ remodeling attributed to impaired autophagy and deficient lysosomal acidification related to the function of PRR as an accessory subunit of the vacuolar H þ -ATPase (V-ATPase). [3] [4] [5] On the other hand, increased PRR was observed in ischemic nephropathy, 6, 7 glomerulosclerosis, 8 diabetic nephropathy, 9 diabetic retinopathy, 10 cardiac hypertrophy, 11 and heart failure. 12 In these models, the role of PRR was suggested, based on the use of a peptide that is supposed to block (pro)renin binding to PRR. But these results remain highly controversial. Therefore, to establish whether increased PRR could be responsible for organ damage, we generated transgenic mice with ubiquitous overexpression of mouse PRR. We used two different genetic backgrounds, C57Bl/6 and FVB/N, and we studied blood pressure, cardiac, and renal changes in function and in morphology in 1-year-old animals. Moreover, we studied the additional effect of an increased renin synthesis while blocking Ang II signaling by treating PRR overexpressing mice with the AT-1 antagonist losartan.
MATERIALS AND METHODS
All animal procedures were approved by Institutional Animal Care and Use Committees and were in accordance with the European Guidelines for the care and use of experimental animals.
Generation of Atp6ap2/PRR Mice
The Atp6ap2/PRR mouse line was generated using the 'Quick Knock-inTM' technology conducted by genOway, France. Briefly, mouse PRR cDNA was cloned into genOway's readyto-use Hprt-targeting vector under the control of the ubiquitous CAG (CMV immediate early enhancer/chicken beta-actin promoter fusion) promoter. A loxP flanked stop cassette was included between the promoter and the transgene to allow the expression to be dependent upon the action of Cre recombinase. The stop cassette was then removed by mating the Atp6ap2/PRR mice with a Cre deleter, which allows Cre-mediated excision of loxP flanked genes in all tissues including germ cells. 13 Thereafter, mice were backcrossed for more than nine generations on the C57Bl/6 and FVB/N background. As the hprt vector targets the transgene into the X-chromosome, male mice carrying the transgene are hemizygous for Atp6ap2/PRR. lox/ lox ) mice were examined. Wild-type and transgenic littermates were kept during 1 year in the same cage to avoid separation of the microbiota. When indicated, 10-week-old mice were treated with losartan (Sandoz, Germany) 250 mg/l in drinking water for 6 weeks before killing.
Animals

Functional Analyses
Systolic blood pressure was measured in conscious mice using computerized tail cuff plethysmography (Process Control Blood Pressure 2900-series; TSE Systems, Germany) as described. 14, 15 Mice were trained to get used to this procedure in advance and initial measurements were not incorporated. For measurement of albuminuria, mice were placed into metabolic cages for a 6-hour urine collection. Urine albumin was measured using a commercially available mouse-specific ELISA (E90-134; Bethyl Laboratories, USA), urine creatinine by an autoanalyzer (Hitachi 717; Roche, Germany). Albuminuria was calculated as mg albumin per mg creatinine.
Organ Removal
Mice were anesthetized by isoflurane inhalation and killed, the heart and the kidneys were removed.
Plasma Measurements
At the time of killing, blood was drawn by intracardiac puncture and BUN was determined by an autoanalyzer (Hitachi 717). For the quantitative determination of aldosterone, a competitive chemiluminescence assay using directly coated magnetic microparticles on an automated LIAISON system, (DiaSorin, Germany) was used. Cross-reactivity against other steroid substances was below 0.02%. Soluble PRR was measured by ELISA (JP27782, IBL International, Hamburg, Germany).
Tissue Analyses Histology
The heart and kidney were fixed with 4% neutral buffered formaldehyde and embedded in paraffin. Cardiac tissue was stained with Masson-trichrome and fibrosis scored from 0 to 3 as described. 16 Kidney sections were stained with PAS reagent and glomerular injury was evaluated using a semiquantitative score between 0 and 3. 15 Renin was stained as described. 15 Real-time PCR was performed using SYBR Green (Qiagen, Germany) using the following primers: 18s 
RESULTS
Transgene Expression
A Southern blot analysis resulting in a wild type (7.9 kb) and knock-in band (10.7 kb) revealed the proper targeting of the transgene and is shown in Figure 1a . Real-time PCR analysis showed a 24-to 43-fold increased renal expression ( Figure 1b ) and a 243-to 419-fold increase of Atp6ap2/PRR expression in the heart in the C57Bl/6 strain ( Figure 1c ). The Assessment of Kidney Histology in Atp6ap2/PRR C57Bl/6 Mice No significant differences in the body weight, heart and kidney weight (Table 1) , or systolic blood pressure ( Figure 2a ) were observed regardless of gender and genotype. Albuminuria is a very sensitive marker of kidney dysfunction. At the age of 12 months, transgenic mice of both genders did not develop any increase of albuminuria compared with wild-type littermates (Figure 2b ). Semiquantitative analysis of glomerulosclerosis showed no significant difference between wild-type and transgenic mice ( Figure 2c ). As shown on kidney sections stained by PAS, transgenic mice showed normal renal morphology (Figure 2d, upper panel) . As expected in mice of 12 months of age, glomeruli with mild scarring or mesangial widening most often next to the vascular pole (arrows in Figure 2d , lower panel) were found occasionally in all genotypes. Electron microscopy showed no ultrastructural evidence of podocyte or basal membrane damage. Matrix expansion with mesangial deposition of electron dense material was equally observed in wild-type and in mutant mice (Figure 2e ). Quantitative PCR analyses showed no significant differences between wild-type and mutant mice for PAI-1, CCL2, COX-2, and renin ( Figure 2f ). However, as there was a tendency that hemizygous mice express less PAI-1 than male wild-type mice, renal expression of TGF-beta and collagen IV was assessed in addition to PAI-1 expression, but no significant differences could be determined for these two parameters (TGF-beta: wild type 1.06 ± 0.15 versus hemizygous 1.19 ± 0.66, P ¼ 0.9048; collagen IV: wild type 1.02 ± 0.09 versus hemizygous 1.15 ± 0.06, P ¼ 0.1667). Two male transgenic mice developed an ascending infection of the kidney with histological signs of pyelonephritis at the end of the year and were removed from the structural analysis. Owing to this fact the number of male mice analyzed was small. Thus, we confirmed that no renal injury was found in transgenic mice by analyzing another set of 12 male transgenic mice and 13 age-matched wild-type littermates. The data are shown in Supplementary  Figure 1 .
Assessment of Cardiac Histology in Atp6ap2/PRR C57Bl/6 Mice
The heart is another important target of RAS-induced injury and an organ where RAS inhibition is beneficial. No exaggerated cardiac fibrosis was observed in transgenic mice compared with their respective wild-type (Figure 3a ). This was supported by the scoring values (Figure 3b ). The absence of cardiac injury was confirmed by measuring gene expression of collagen-1, which was not increased in transgenic mice (Figure 3c ).
Assessment of Atp6ap2/PRR in FVB/N Mice As mice of the FVB/N strain are more sensitive to develop renal disease in response to injury as recently shown by us, 15, 17 we also backcrossed the Atp6ap2/PRR mouse into the FVB/N genetic background and examined the different genotypes of both genders at the age of 1 year. The results Increased PRR does not cause fibrosis A Rosendahl et al are shown in Table 2 and Figure 4a -i and are identical to the data in the C57Bl/6 strain. Neither male nor female transgenic mice developed arterial hypertension, altered renal function as assessed by plasma urea-N, glomerular or cardiac injury. In addition, no differences were found for plasma aldosterone levels that were measured, as increased aldosterone levels were reported in a PRR transgenic rat 18 ( Figure 4i) . A small but significant increase was found for albuminuria in heterozygous female mice compared with wild-type mice (0.28±0.09 versus 0.06±0.02 mg albumin per mg creatinine, P ¼ 0.0439). No increase was seen in homozygous mice. As no other clue was found suggesting renal or cardiac injury in transgenic FVB mice, we believe that this finding was without biological relevance and by chance. As we have demonstrated previously that severe renal injury can be induced in C57Bl/6 mice by administration of DOCA and Ang II and in FVB/N by 5/6 nephrectomy (Supplementary Figure 2) , 15, 16 the lack of any kind of renal injury in the PRR transgenic mice was not caused by the genetic background of the mice.
Effect of Increased Renin by Treatment with Losartan
To examine Ang-independent effects of renin and prorenin signaling through PRR, mice were treated for 6 weeks with the Ang receptor-1 antagonist losartan in order to stimulate renin expression. As expected, renin expression in the kidney was increased seven-to eightfold and four-to fivefold in C57Bl/6 and FVB/N mice, respectively (Figure 5a ). The upregulation of renin expression was confirmed by renin immunohistochemistry. Figure 5b shows low abundance of juxtaglomerular renin positivity in both genotypes and an increase after losartan treatment. In spite of this increase of renin, losartan-treated mice did not develop albuminuria (Figure 5c ), glomerulosclerosis (Figure 5d ), altered PAI-1 and CCL2 expression (Figure 5e ), or change in renal function assessed by plasma urea-N (Figure 5f ).
DISCUSSION
Renin and prorenin binding to PRR increases their enzymatic activity and triggers mitogen-activated protein kinase phosphorylation. Both are established in vitro but not in vivo. 1, 2 These characteristics made PRR a potential therapeutic target to optimize the RAS blockade. Many attempts were made to establish the role of PRR in organ damage, alone or in association with increased renin or prorenin. A particular attention was given to prorenin because it is increased in diabetic patients and its concentration correlates well with the presence and severity of microvascular complications. 19 Experimental models with inducible or constitutive liver-specific expression of a prorenin transgene resulted in Ang II-dependent hypertension, but none of the transgenic models displayed microvascular damage as observed in diabetic patients. Also no cardiac or renal fibrosis was observed in spite of circulating prorenin levels up to 1000 times normal. 20 This indicates that an increase of prorenin but normal PRR expression does not cause fibrosis. One could argue that this is due to a downregulation of PRR by prorenin itself 21 but this hypothesis has never been confirmed in in vivo models with high levels of prorenin and/ or renin. Rather, the consensus is now that there is no evidence linking high prorenin to anything other than Ang II-dependent hypertension. 22 The relevance of renin binding to PRR in vivo is being scrutinized. Given the nanomolar affinity of renin for PRR as opposed to the picomolar concentration of renin in plasma, it is currently uncertain whether such interaction truly occurs in vivo. The most likely site of interaction would be the juxtaglomerular apparatus, the site of renin synthesis, thus of highest renin concentration. Renin secretion is under tight control of Ang II levels through a negative feedback loop, and therefore RAS blockade causes a reactive rise in plasma renin concentration. 15 Hence, RAS inhibition could in theory have adverse effects through activation of the PRR. In the present study, treatment with losartan for 6 weeks resulted in robust four-to eight-fold increase of renin expression in the cells of the juxtaglomerular apparatus concomitant to a 25-to 80-fold increase in PRR expression. Still, neither C57Bl/6 nor the fibrosis susceptible FVB/N strain showed any sign of renal injury.
Kaneshiro et al 8, 23 have generated a transgenic rat overexpressing human PRR and they reported an upregulation of cyclooxygenase 2, glomerulosclerosis, and proteinuria at the age of 28 weeks in the absence of hypertension or changes in renal RAS activity. Administration of Ang-converting enzyme inhibitor did not improve the glomerular damage. It was concluded that binding of rat prorenin to human PRR induces ERK1/2 activation, although it failed to get activated and that activation of PRR can induce organ damage independently of Ang II. Burckle et al 18 overexpressed the human PRR in vascular smooth muscle cells in the rat and found increased blood pressure as well as increased plasma levels of aldosterone. Our results are in contradiction to those of Kaneshiro et al 8, 23 and the reasons for this discrepancy are not entirely clear. In the present study, we were very careful to analyze two different strains, C57Bl/6 and the more absence of injury in the transgenic mice was confirmed by markers of inflammation and fibrosis such as CCL2 and PAI-1. Also electron microscopy revealed no ultrastructural evidence of podocyte or glomerular basal membrane damage. Is it possible that the overexpression of the PRR was too mild in our model? This is unlikely as we report a 25-to 400-fold overexpression of PRR by real-time PCR whereas Kaneshiro et al 8 reported by semiquantitative RT-PCR that one transgenic line has a 10-fold higher mRNA expression than another transgenic line, but no comparison with wild-type rats as well as no protein data were provided. In our PRR overexpressing mouse, plasma levels of soluble PRR are increased ninefold compared with wild-type mice. Increased plasma soluble PRR levels are correlated with renal dysfunction in patients with heart failure and predict gestational diabetes mellitus during the first trimester PRR. 25, 26 In contrast to the work by Burckle et al, 18 plasma aldosterone levels were not increased in our transgenic mice. The strength of the present study is that we examined two strains of mice with different genetic backgrounds, analyses of the results in both genders and in three genotypes (hemi-, hetero-and homozygous). Owing to the high number of the different groups, the number of mice used in the different groups was small. Nevertheless, the present study shows no evidence of a biological relevant difference between wild-type and transgenic mice. However, the number of mice examined in each group might has been a limitation. Absence of evidence is not evidence of absence. We cannot completely exclude that the study was underpowered and that an increase in sample size would detect a meaningful effect of Increased PRR does not cause fibrosis A Rosendahl et al PRR overexpression. In Supplementary Figure 1 we compared 12 transgenic mice with 13 wild-type mice and found no difference. A post hoc power calculation with the observed data indicates that a sample size of 1100 mice in each group would give a 80% power to detect a significant difference for albuminuria and a sample size of 336 mice in each group for glomerular damage.
The stop-flox approach of the PRR transgene chosen in the present study allows cell-or organ-specific overexpression of PRR. However, as overexpression in all tissues did not result in a phenotype, it is unlikely that cell-specific overexpression for example in podocytes or cardiomyocytes would result in a phenotype.
Although the binding of renin and of prorenin to PRR is now undisputed, the absence of an effect of PRR overexpression indicates that the triad renin-prorenin-PRR should not be considered as a primary initiator of cardiovascular and renal damage. Rather, it might have an aggravating role in tissue damage due to inflammation or diabetes. The absence of an overt phenotype of Atp6ap2/PRR overexpression in our mice contrasts with the severe phenotype of mice with a conditional ablation of Atp6ap2/PRR in cardiomyocytes and podocytes that leads to a severe heart failure or massive nephrotic syndrome and death within 3-4 weeks. This was attributed to the deficient function of PRR as co-factor of the V-ATPase and leading to impaired lysosomal acidification and autophagy. Furthermore, PRR was found to be necessary for Wnt/beta-catenin and Wnt/planar cell polarity complex endocytosis and activation in acidic endosomes. 27 Retrospectively, this explains why total knockout of Atp6ap2/PRR is embryonic lethal. Because of these multiple interacting proteins, renin, prorenin, V-ATPase, and proteins of the Wnt/beta-catenin and Wnt/planar cell polarity receptor complexes, 28 PRR-deficient phenotypes are difficult to interpret. Compounds or knockout approaches that block specifically each interaction are needed to decipher the functions of PRR. In addition, it remains to be examined whether overexpression of PRR in combination with another hit-like high salt, diabetes, or chronic kidney disease will induce injury. Taken together, our results indicate that increased PRR alone or associated with increased renin does not cause organ damage independently of Ang II.
